The control of pathogens and cancers requires proper functioning of the adaptive immune system. CD8 + T cells are a crucial component of such immune responses; they are able to undergo massive population expansion to produce a large pool of effector cells that eliminate virusinfected or transformed cells. CD8 + T cells continuously integrate many distinct signals through the T cell antigen receptor (TCR) as well as through co-stimulatory, co-inhibitory, cytokine and chemokine receptors. These environmental signals either promote pathogen clearance and long-term memory or can result in immune-system dysfunction and T cell exhaustion. These disparate outcomes are dependent on changes in multiple networks of genes encoding proteins that affect the survival, proliferation and effector function of cells 1 .
The control of pathogens and cancers requires proper functioning of the adaptive immune system. CD8 + T cells are a crucial component of such immune responses; they are able to undergo massive population expansion to produce a large pool of effector cells that eliminate virusinfected or transformed cells. CD8 + T cells continuously integrate many distinct signals through the T cell antigen receptor (TCR) as well as through co-stimulatory, co-inhibitory, cytokine and chemokine receptors. These environmental signals either promote pathogen clearance and long-term memory or can result in immune-system dysfunction and T cell exhaustion. These disparate outcomes are dependent on changes in multiple networks of genes encoding proteins that affect the survival, proliferation and effector function of cells 1 .
MicroRNAs (miRNAs) are a class of small non-coding RNAs that regulate gene expression by translational repression and mRNA destabilization. Deletion of the key miRNA-biosynthetic enzyme Dicer during thymic T cell development markedly diminishes the abundance of CD8 + T cells in the periphery 2, 3 , and deletion of Dicer in mature CD8 + T cells impairs the effector response of CD8 + T cells in vivo 4 . Individual miRNAs have important roles in the activation of CD8 + T cells. The miR-17-92 cluster regulates the proliferation of CD8 + T cells after activation and shapes effector and memory differentiation 5 . Other miRNAs shape signaling from TCRs and cytokine receptors. miR-146 is part of a negative feedback loop induced by the TCR and pro-inflammatory cytokines that inhibits activation of the transcription factor NF-κB 6, 7 . In contrast, miR-155 enhances pro-inflammatory cytokine signaling by repressing the signaling inhibitor SOCS1 and promotes the population expansion of anti-viral CD8 + T cells by blocking the anti-proliferative effect of type I interferons 8, 9 . Alterations in miRNA expression can also act downstream of cytokine signaling in CD8 + T cells. For example, signaling via interleukin 2 (IL-2) and inflammatory cytokines drives the differentiation of CD8 + T cells by repressing the expression of miR-150 and miR-139 (ref. 10) . However, the function of most miRNAs expressed by CD8 + T cells remains unknown.
Here we report that the expression of miR-31 was strongly induced following the activation of T cells via TCR signaling through pathways dependent on calcium and the transcription factor NFAT. The expression of miR-31 promoted T cell dysfunction by enhancing the expression of multiple inhibitory molecules, particularly during exposure to type I interferons. During chronic viral infection, miR-31 promoted the dysfunction of CD8 + T cells and impaired viral control in a T cell-intrinsic manner. These results identify a role for miR-31 in promoting the exhaustion of CD8 + T cells.
RESULTS

TCR triggering induces sustained expression of miR-31
To globally define miRNA expression during T cell activation and differentiation, we used a bead-based assay to profile miRNAs in CD8 + T cells before and after activation via a complex of the TCR and its invariant chain CD3 with an antibody to CD3 (anti-CD3) and an antibody A r t i c l e s to the co-stimulatory receptor CD28 (anti-CD28). These profiling data revealed dynamic regulation of miRNA expression during T cell activation (Fig. 1a, Supplementary Fig. 1 and Supplementary Table 1) . Several of the miRNAs upregulated following activation, including miR-146a, miR-155 and miR-17-miR-18a from the miR-17-92 cluster, have established functions in CD8 + T cells [5] [6] [7] [8] [9] , while many of the other upregulated miRNAs do not have annotated functions in T cells. Of particular interest, miR-31 was not expressed in total thymocytes or naive CD8 + T cells, but its expression was substantially upregulated following the activation of CD8 + T cells (Fig. 1a) . Consistent with the profiling data, quantification of miR-31 expression by quantitative PCR (qPCR) indicated upregulation of >100-fold in the expression of miR-31 in CD8 + T cells following stimulation with anti-CD3 plus anti-CD28 relative to its expression in naive CD8 + T cells (Fig. 1b) . We also observed upregulation of ~10-fold in the expression of miR-31 in CD4 + T cells following activation with anti-CD3 plus anti-CD28 and in natural killer (NK) cells following stimulation with the phorbol ester PMA and ionomycin, relative to its expression in the corresponding unstimulated cell populations (Fig. 1b) . However, miR-31 expression was not induced in CD19 + B cells following stimulation with an antibody specific for immunoglobulin M and a CpG oligonucleotide (Fig. 1b) . Kinetic studies demonstrated a rapid increase in miR-31 expression in CD8 + T cells stimulated with anti-CD3 plus anti-CD28, with induction of ~100-fold at 8 h after activation relative to the expression before activation (Fig. 1c) . Stimulation of naive OT-I CD8 + T cells (which have transgenic expression of an ovalbumin (OVA)-specific TCR) with dendritic cells (DCs) and OVA peptide also rapidly induced an increase of >100-fold in the expression of miR-31 relative to its expression in unstimulated CD8 + T cells (Fig. 1d) . These results indicated that miR-31 expression was induced in activated CD4 + and CD8 + T cells, as well as in NK cells, with the highest expression in activated CD8 + T cells.
To investigate whether miR-31 expression was maintained in activated T cells, we quantified its expression 1 and 2 weeks following stimulation. Naive CD8 + T cells isolated from OT-I mice were stimulated for 72 h with OVA peptide, followed by culture with IL-2 or IL-15. The expression of miR-31 remained high for 2 weeks in CD8 + T cells cultured with IL-2 (Fig. 1e) . In contrast, its expression progressively decreased in CD8 + T cells cultured with IL-15, although it remained higher at 7 d and 14 d in those cells than in naive CD8 + T cells (Fig. 1e) . Treatment of naive CD8 + T cells with the cytokines IL-2, IL-7 or IL-15 in the absence of TCR stimulation did not induce the expression of miR-31 ( Supplementary Fig. 2a-c) , which indicated that those cytokines were not sufficient to induce mir-31 expression.
We also investigated the expression of miR-31 ex vivo. Populations of CD4 + or CD8 + effector and effector-memory T cells, as well as central memory T cells, had higher expression of miR-31 than that of their naive counterparts; the highest expression was observed in activated CD25 + CD8 + T cells (Fig. 1f) . T cell activation induces degradation of Argonaute proteins (which are essential for the assembly and function of the miRNA-containing RNA-induced silencing complex) and remodeling of the miRNA repertoire 11 . We confirmed induction of miR-31 expression in activated T cells through the use of the small nucleolar RNA sno234 as a standard (Supplementary Fig. 2d-f) . These results indicated that increased miR-31 expression was a feature of effector CD4 + and CD8 + T cell subsets as well as memory CD4 + and CD8 + T cell subsets.
The induction of miR-31 is dependent on calcium signaling
The rapid induction of miR-31 after T cell activation places the gene encoding miR-31 (Mir31) among the early-response genes, many of which are transcriptionally activated through the calcium-NFAT pathway. Treatment of CD8 + T cells with ionomycin, a calcium ionophore, was sufficient to induce miR-31 expression, albeit at a lower level than that induced by stimulation with anti-CD3 plus anti-CD28, while inhibition of calcium signaling with cyclosporine A blocked the induction of miR-31 following treatment with ionomycin or stimulation with anti-CD3 plus anti-CD28 (Fig. 2a) . Expression (via a lentiviral vector) of constitutively active NFAT1 containing serine-to-alanine substitutions of key residues within the regulatory domain 12 in CD8 + T cells induced expression of miR-31 to levels similar to those achieved with ionomycin treatment (Fig. 2b) . Genome-wide analysis of the binding of NFAT1 by chromatin immunoprecipitation in CD8 + T cells stimulated with PMA and ionomycin revealed three binding peaks upstream of the miR-31 hairpin on mouse chromosome 4 ( Fig. 2c) , one of which was located near a CpG island homologous to the promoter of the human gene encoding miR-31 (MIR31HG) 13, 14 . The binding of NFAT1 to these genomic elements was not observed in resting CD8 + T cells or in CD8 + T cells stimulated with PMA and ionomycin and also treated with cyclosporin A (Fig. 2c) . These data indicated that calcium signaling and subsequent NFAT transcriptional activity were linked to the induction of miR-31 via TCR activation in CD8 + T cells.
Identification of miR-31 target genes in CD8 + T cells miRNAs repress many target mRNAs, but accurate prediction of their targets is challenging due to the partial complementarity of mammalian miRNA-mRNA pairs and limited understanding of the factors that regulate the binding of miRNAs 15 . Because regulation by a miRNA reduces the abundance of the majority of target mRNAs, we used expression profiling 16, 17 of OT-I CD8 + T cells transduced with a lentiviral vector expressing miR-31 and enhanced green fluorescent protein (eGFP) (lenti-miR31), or a control vector expressing eGFP alone (lenti-eGFP) to identify targets of miR-31. Transduction of cells with lenti-miR31 resulted in significant changes in mRNA expression relative to that of cells transduced with lenti-eGFP (Fig. 3a) . The interaction between miRNAs and repressed target mRNAs occurs mainly in the 3′ untranslated region (UTR) of the target mRNAs 18 . The mRNAs downregulated in CD8 + T cells transduced with lentimiR31 relative to their expression in CD8 + T cells transduced with lenti-eGFP showed considerable enrichment for predicted miR-31-binding sites (relative to the abundance of mRNAs that were expressed but not regulated differentially): 57% of mRNAs with reduced abundance (68 of 199) contained a predicted binding site in the 3′ UTR (Fig. 3b) . We further validated 15 targets of miR-31 by cloning their 3′ UTRs downstream of a luciferase reporter vector; 13 of these 3′ UTRs resulted in lower luciferase activity in the presence of exogenous miR-31 than that of cells transduced with a luciferase vector without an inserted 3′ UTR (Fig. 3c) . Several of these (Ppp6c, Lats2, Oxsr1, Elavl1 (ref. 19 ) and Stk40) [20] [21] [22] [23] have been reported as targets of miR-31, while eight mRNAs (Psd4, Sh2d1a, Ilf3, Coro7, Rab1b, Stra13, Cdkn1a and Ifi30) represented newly identified targets of miR-31 (Fig. 3c) . These results identified previously unknown targets of miR-31 in activated mouse CD8 + T cells.
miR-31 promotes CD8 + T cell dysfunction
To investigate the function of miR-31 in vivo, we deleted Mir31 in the germline of C57BL/6 mice by crossing mice with loxPflanked Mir31 alleles (Mir31 fl/fl ) to mice expressing Cre recombinase under the control of the promoter of the gene encoding the glycoprotein Zp3 (Zp3-Cre) to generate Mir31 fl/fl Zp3-Cre mice (called 'Mir31 −/− ' mice here; Supplementary Fig. 3a) . We also deleted Mir31 conditionally in T cells by crossing Mir31 fl/fl mice with mice in which A r t i c l e s Fig. 3b,c) . Mir31 −/− mice were born at the expected Mendelian ratios, displayed no anatomical alterations and had cellularity and mature T cell subset composition in the thymus, spleen and peripheral lymph nodes similar to that of wild-type mice (data not shown).
Ingenuity-pathway analysis of all mRNAs expressed differentially in CD8 + T cells transduced with lenti-miR31 relative to their expression in CD8 + T cells transduced with lenti-eGFP revealed correlations with pathways linked to type I interferons, including alterations in the expression of Ifna2 mRNA (which encodes the interferon IFN-α2), and Irf3 mRNA and Irf7 mRNA (which encode the transcription factors IRF3 and IRF7, respectively) (Supplementary Table 2 ). We therefore analyzed CD8 + T cells from wild-type and Mir31 −/− mice by RNA-based next-generation sequencing (RNA-seq) on day 7 following in vitro stimulation with anti-CD3 plus anti-CD28 and culture in IL-2, with or without stimulation with IFN-β for 18 h before analysis. Mir31 −/− CD8 + T cells had significantly higher expression of mRNAs encoding T cell effector molecules, including perforin (Prf1) and several granzymes (Gzmd, Gzmc, Gzme, Gzmg and Gzmb), as well as osteopontin (Spp1), than that of wild-type cells, with these changes in gene expression being more prominent 
A r t i c l e s
following stimulation with IFN-β (Fig. 4a,b ). In addition, several genes encoding products known to promote T cell dysfunction, including intracellular metallothioneins (Mt1 and Mt2), which contribute to T cell dysfunction in mouse tumors, as well as the transcription factor c-Maf (Maf) and the receptor for prostaglandin E 2 (Ptger2), which contribute to CD8 + T cell dysfunction in a model of chronic infection with lymphocytic choriomeningitis virus (LCMV) clone 13 (refs. 1,24,25) , had higher expression in wild-type CD8 + T cells than in Mir31 −/− CD8 + T cells (Fig. 4a,b) . Consistent with those findings, gene-set-enrichment analysis identified 'LCMV Armstrong versus clone 13' as well as 'Effector versus exhausted CD8 + T cell' as major gene-expression signatures at 0 h and 18 h, respectively, after stimulation with IFN-β (Fig. 4c) . Validation of those RNA-seq data by qPCR indicated that Maf mRNA and Ptger2 mRNA had lower expression in Mir31 −/− CD8 + T cells than in wild-type CD8 + T cells following treatment with IFN-β (Fig. 4d) . The expression of mRNA encoding perforin (Prf1 mRNA) was higher in Mir31 −/− CD8 + T cells than in wild-type CD8 + T cells only following stimulation with IFN-β (Fig. 4d) . Stimulation with IFN-β also increased the differences in the expression of granzyme-encoding mRNAs as well osteopontinencoding mRNA (Spp1) in Mir31 −/− CD8 + T cells relative to their expression in wild-type CD8 + T cells (Fig. 4d) . Flow cytometry showed that treatment with IFN-β also resulted in a greater abundance of perforin and granzyme C in Mir31 −/− CD8 + T cells than in wild-type CD8 + T cells ( 10,000 T cells 26 . However, miR-31 is expressed only following TCR activation and might therefore regulate the effects of secondary or chronic exposure to type I interferons. In models of chronic viral infection, continued exposure to type I interferons impairs T cell responses and drives disease progression [27] [28] [29] .
To address which targets of miR-31 might regulate sensitivity to type I interferons, we transduced the 7678 mouse T cell hybridoma with lentiviral vectors containing short hairpin RNA (shRNA) targeting each of four miR-31-regulated genes (Lats2, Stk40, Ppp6c and Sh2d1a) or a control lentiviral vector and assessed expression of the activation marker CD69, which is induced by type I interferons. Transduction of cells with lenti-miR31 or with shRNA for silencing the miR-31 target Ppp6c enhanced their sensitivity to IFN-β relative to that of cells transduced with the respective control lentiviral vector (Supplementary Fig. 5a ). Ppp6c is a phosphatase that regulates cytokine signaling through the kinase Map3k7 and has been linked to inhibition of type I interferon signaling in a high-throughput screen [30] [31] [32] . In contrast, transduction of the 7678 T cell hybridoma with shRNA targeting Lats2, Stk40 or Sh2d1a had no effect on responsiveness to IFN-β (Supplementary Fig. 5a ). To confirm those findings in primary T cells, we transduced Mir31 −/− OT-I T cells with lenti-miR31, shRNA targeting Ppp6c or the respective control lentiviral vector. Transduction with lenti-miR31 or shRNA targeting Ppp6c increased the sensitivity of CD8 + T cells to IFN-β relative to that of CD8 + T cells transduced with the respective control lentiviral vector (Supplementary Fig. 5b ). We also measured Ppp6c by immunoblot analysis of OT-I CD8 + T cells activated with OVA peptide and observed approximately four-fold lower expression of Ppp6c in wildtype CD8 + T cells than in Mir31 −/− T cells (Supplementary Fig. 5c,d) . These results suggested a role for miR-31 in 'tuning' the sensitivity of CD8 + T cells to type I interferon signaling.
miR-31 inhibits T cell responses to chronic infection
In adult mice, LCMV Armstrong strain causes an acute infection that is cleared by day 8 after infection, while LCMV clone 13 causes a chronic infection that persists >90 d after infection. Both expression of the inhibitory receptor PD-1 and signaling via type I interferons are critical for the chronic infection of mice with LCMV clone 13 (refs. 33-35) , while blockade of chronic signaling via type I interferons results in control of infection with LCMV clone 13 (refs. 34,35) . We next investigated if miR-31 has a role in controlling the chronicity of infection with LCMV clone 13. The initial disease course was similar in wild-type mice and Mir31 −/− mice infected with LCMV clone 13, with all mice displaying disease symptoms at days 9-11 after infection (Fig. 5a,b) . Wild-type mice exhibited signs of chronic disease and wasting, while Mir31 −/− mice showed no signs of disease and had recovered ~95% of their initial body weight by day 20 after infection ( Fig. 5a,b) . We next sought to determine whether disease resolution was associated with control of the virus. During the acute phase of the infection (day 9 after infection), wild-type mice and Mir31 −/− mice had similar titers of circulating virus (Fig. 5c) . However, by day 20 after infection, viral titers were significantly (>1.5-log) lower in the serum of Mir31 −/− mice than in that of wild-type mice (Fig. 5c) . We also detected lower levels of viral RNA in tissue samples from Mir31 −/− mice than in those from wild-type mice at day 30 after infection ( Supplementary  Fig. 6a ). These results suggested that miR-31 impaired the control of infection with LCMV clone 13.
We next investigated whether early disease resolution and improved viral control were associated with enhanced anti-viral CD8 + T cell responses. The frequency of CD8 + T cells positive for a tetramer (Tet) of LCMV glycoprotein (amino acids 33-41) in blood was similar in wild-type mice and Mir31 −/− mice on day 8 after infection with LCMV clone 13 (Fig. 6a) . However, on day 20 after infection, Mir31 −/− mice had a higher frequency of Tet + CD8 + T cells in blood than that of wild-type mice (Fig. 6a,b) . At day 20 after infection, more Tet + CD8 + T cells in the blood of Mir31 −/− mice than in that of wild-type mice expressed the effector T cell marker KLRG1, and fewer Tet + CD8 + cells in the blood of Mir31 −/− mice than in that of wild-type mice expressed PD-1 (Fig. 6a-c) . At day 30 after infection, there was a greater frequency of CD8 + T cells in the spleen of Mir31 −/− mice than in that of wild-type mice, an increase driven by the population expansion of CD44 + CD62L − CD8 + effector and effector-memory T cells (Fig. 6d) .
Tetramer labeling indicated population expansion of Tet + KLRG1 + CD8 + T cells and Tet + KLRG1 − CD127 − CD8 + T cells in Mir31 −/− mice relative to the size of those populations in wild-type mice at 30 d after infection, while the frequency of Tet + CD127 + CD8 + T cells in Mir31 −/− mice was similar to that of wild-type mice (Fig. 6e) .
We did not observe a difference between wild-type mice and Mir31 −/− mice in their CD44 + CD62L − CD4 + effector and effectormemory T cells (Fig. 6f) . Also, we did not detect differences between wild-type mice and Mir31 −/− mice in their titers of LCMV-specific antibodies (Fig. 6g) . CD4 + Foxp3 + regulatory T cells undergo population expansion during infection with LCMV clone 13 and inhibit the response of CD8 + T cells to LCMV 36, 37 . miR-31 is known to inhibit the differentiation of CD4 + regulatory T cells in humans through direct regulation of expression of the transcription factor Foxp3 and inhibits the differentiation of induced regulatory T cells in mice through repression of the G-protein-coupled receptor Gprc5a 38, 39 . We therefore investigated the role of miR-31 in regulating the expression of Foxp3 in mice. We found that a luciferase reporter linked to the mouse Foxp3 3′ UTR was not repressed by miR-31 ( Supplementary  Fig. 6b ). We also did not observe differences in the frequency of Foxp3 + CD4 + T cells isolated from the spleen of Mir31 −/− mice versus those isolated from that of wild-type mice at baseline or at day 30 following infection with LCMV clone 13 ( Fig. 6h and Supplementary  Fig. 6c) . In mice challenged with influenza virus (strain X31-gp33), weight loss, viral burden in the lungs and the frequency of influenza-virus-specific CD8 + T cells were similar in Mir31 +/− mice and Mir31 −/− mice on day 8 following infection ( Supplementary Fig. 7) ; A r t i c l e s this confirmed that miR-31 inhibited CD8 + T cell responses during chronic infection but not during acute infection.
T cell-intrinsic effect of miR-31 in chronic LCMV infection To isolate T cell-intrinsic effects of miR-31, we infected Mir31 fl/fl Cd4 Cre mice with LCMV clone 13. The disease course in Mir31 fl/fl Cd4 Cre mice was similar to that of Mir31 −/− mice following infection with LCMV clone 13, with rapid resolution of disease, in contrast to the chronic disease observed in wild-type mice (Fig. 7a) . Mir31 fl/fl Cd4 Cre mice had a greater frequency of circulating Tet + CD8 + T cells at day 20 after infection, and lower expression of PD-1, compared with that of wild-type mice (Fig. 7b,c) . We also observed a greater abundance of total Tet + KLRG1 + CD8 + T cells and Tet + KLRG1 − CD127 − CD8 + T cells in the spleen of Mir31 fl/fl Cd4 Cre mice on 28 after infection relative to the abundance of such cells in the spleen of wild-type mice (Fig. 7d) . These results demonstrated that miR-31 promoted CD8 + T cell dysfunction and the chronicity of infection with LCMV clone 13 in a T cell-intrinsic manner.
Because CD8 + T cells progressively lose the ability to secrete the cytokines IL-2 and TNF and, finally, IFN-γ 40 after infection with LCMV clone 13. Splenocytes from infected mice were pulsed ex vivo with the peptides GP33 and GP276 (from LCMV glycoprotein) and NP396 (from LCMV nucleoprotein), followed by intracellular cytokine staining for IFN-γ, TNF and IL-2 in CD8 + T cells. We found significantly more IFN-γ + CD8 + T cells responsive to stimulation with the epitopes GP33 and GP276 in the spleen of Mir31 −/− mice and Mir31 fl/fl Cd4 Cre mice than in that of wild-type mice (Fig. 8a,c) . We also observed more polyfunctional IFN-γ + TNF + CD8 + T cells in the spleen of Mir31 −/− mice and Mir31 fl/fl Cd4 Cre mice than in that of wild-type mice (Fig. 8b,d) . It has been suggested that miR-31 promotes the secretion of IL-2 by T cells 40, 41 . However, we did not observe differences in the secretion of IL-2 from wild-type, Mir31 −/− or Mir31 fl/fl Cd4 Cre CD8 + T cells in response to stimulation with LCMV peptide (data not shown), and stimulation with PMA plus ionomycin induced a similar frequency of IL-2 + CD4 + T cells and IL-2 + CD8 + T cells in all mouse strains (Supplementary Fig. 8a) .
Comparison of cytokine secretion in response to GP33 peptide versus total Tet + T cells indicated that Mir31 −/− mice had a more functional effector pool than that of wild-type mice: Mir31 −/− mice had 1.9-fold more IFN-γ + CD8 + T cells than wild-type mice had, even after correction for a larger population of Tet + CD8 + T cells ( Supplementary  Fig. 8b ). These results indicated that miR-31 impaired the function of CD8 + T cells in a T cell-intrinsic manner during chronic infection with LCMV clone 13.
DISCUSSION
Here we have shown substantial induction of miR-31 following T cell activation via a process involving calcium signaling and binding of NFAT to the locus encoding miR-31. During chronic infection with LCMV clone 13, Mir31 −/− mice had a larger and more functional antigen-specific CD8 + T cell response than that of wild-type mice, which was associated with recovery from infection and control of viral replication. Gene-expression studies revealed that the absence of miR-31 diminished the expression of genes encoding products associated with T cell dysfunction, including c-Maf, the prostaglandin E 2 receptor and metallothioneins, and also enhanced T cell effector programs. Those differences appeared in particular after treatment with type I interferons. Our data demonstrated that miR-31 promoted CD8 + T cell exhaustion during the chronic stage of infection.
Early during viral infection, type I interferons promote the priming of anti-viral CD8 + T cells. Treatment of mice with exogenous type I interferons at very early time points following infection with LCMV enhances anti-viral CD8 + T cell responses and improves viral control 42 . However, sustained production of type I interferons during infection with LCMV clone 13 inhibits T cell-mediated clearance of the virus by suppressing proliferation and increasing the expression of PD-1 by T cells [43] [44] [45] . Antibody blockade of the receptor for IFN-α and IFN-β during chronic infection with LCMV has been shown to promote viral clearance 34, 35 . Mechanistically, blockade of that receptor is associated with reduced expression of the PD-1 ligand PD-L1. We showed that shRNA-mediated knockdown of the miR-31 target Ppp6c increased the sensitivity of CD8 + T cells to type I interferons in vitro and thus was a phenocopy of the effects of miR-31 expression in these cells. The phosphatase Ppp6c has been identified as a negative regulator of interferon signaling in mouse embryonic fibroblasts 29 . Given that miRNAs typically target many different mRNAs, it is possible that miR-31 targets other mRNAs (in addition to Ppp6c) that contribute to the regulation of interferon signaling in T cells. Also, the contribution of Ppp6c to the in vivo phenotype in Mir31 −/− mice remains to be determined.
We did not observe a diminished CD8 + T cell response to acute infection with influenza virus or LCMV in miR-31-deficient mice. While the induction of mir-31 occurred rapidly after T cell activation, the in vivo effects of miR-31 deficiency were evident only after a substantial delay. That pattern is consistent with what has been observed for other activation-induced miRNAs, such as miR-155 (ref. 8) . In part, this delay is probably due to the kinetics of miRNA expression and the relative stability of the proteins encoded by the targets of miRNA. Argonaute proteins, which are the effectors of the miRNAinduced silencing complex, are post-transcriptionally downregulated following T cell activation through ubiquitination and proteasomemediated degradation. This mechanism might substantially delay the miRNA-mediated regulation of mRNA targets 11 .
The expression of miR-31 increases the abundance of proteins that contribute to T cell dysfunction. The abundance of mRNA encoding prostaglandin E 2 receptor (Ptger2) increased in CD8 + T cells during the chronic stage of infection with LCMV clone 13, particularly for T cells with high expression of PD-1. In vitro studies have shown that prostaglandin E 2 inhibits the function of cytotoxic T lymphocytes and strongly suppresses the production of cytokines. Inhibition of the production of prostaglandin E 2 with an inhibitor of the cyclooxygenase COX-2 has demonstrated synergy with blockade of PD-1 and improved T cell function 24 . Our data showed that expression of miR-31 was able to increase expression of the receptor for prostaglandin E 2 in CD8 + T cells following stimulation with type I interferons. Delineation of the dysfunction signature of tumor-infiltrating CD8 + T cells at the single-cell level has demonstrated that metallothioneins substantially contribute to T cell dysfunction. Metallothionein-deficient mice have a significantly lower tumor burden and stronger CD8 + T cell function than that . **P = 0.008 (GP33) and **P = 0.006 (GP276) (a); *P = 0.005 (GP33) or *P = 0.009 (GP276) (b); **P =0.002(GP33), ***P = 0.0007 (GP276) or **P = 0.008 (NP396) (c); and **P = 0.005 (GP33) or **P = 0.
(GP276) (d) (unpaired two-tailed Student's t-test).
Data are representative of two experiments (a,b) or one experiment (c,d).
A r t i c l e s of metallothionein-sufficient mice 25 . Both Mt1 and Mt2 (which encode metallothioneins) had higher expression in Mir31 +/+ T cells than in Mir31 −/− T cells. Maf (which encodes the proto-oncoprotein c-Maf) has also been shown to be overexpressed by T cells during the chronic stage of infection with LCMV clone 13 (ref. 1). However, the expression of several T cell effector molecules was higher in Mir31 −/− T cells than in Mir31 +/+ T cells, particularly following exposure to type I interferons. Such data explain the enhanced functionality of CD8 + T cells in Mir31 −/− mice and the improved clinical course following infection with LCMV clone 13. Consistent with our findings for mice, stimulation via the TCR induces miR-31 expression in human T cells 46 . Blocking miR-31 expression in human T cells might prove therapeutically useful for boosting immune responses during chronic viral infection. Moreover, miR-31 might also contribute to human autoimmune conditions characterized by strong signaling via type I interferons, such as systemic lupus erythematosus 47 . Low expression of miR-31 by circulating T cells has been associated with systemic lupus erythematosus 48 , which suggests that T cells might escape exhaustion and promote autoimmunity through low expression of miR-31. Finally, the function of miR-31 might also be relevant to cancer, in which T cell dysfunction represents a substantial block to anti-tumor immunity.
METhODS
Methods, including statements of data availability and any associated accession codes and references, are available in the online version of the paper. 
ONLINE METhODS
Animals. C57BL/6J mice, C57BL/6-Tg(Zp3-cre)93Knw/J mice, Tg(Cd4-cre)1Cwi/BfluJ (CD4-cre) mice and C57BL/6-Tg(TcraTcrb)1100Mjb/J (OT-I) mice were obtained from Jackson Laboratories. Mir31 fl/fl conditional knockout mice were produced on the C57BL/6J background at the Brigham and Women's Hospital Transgenic Core Facility. Complete or conditional Mir31-knockout mice were produced by crossing Mir31 fl/fl mice to Zp3-cre (complete) or CD4-cre (conditional) knockout strains. All mice were maintained in specific-pathogen-free barrier facilities at the Dana-Farber Cancer Institute or at Charles River Laboratories. All experiments were performed in compliance with federal laws and institutional guidelines and were approved by the Animal Care and Use Committee of the Dana-Farber Cancer Institute (Protocol #04-103).
Infection. Age-and sex-matched mice were infected intravenously with LCMV clone 13 (1 × 10 6 plaque-forming units). LCMV clone 13 was propagated on BHK cells as previously described 49 . After infection, mice were weighed daily, and body weight was calculated as a percentage of initial weight on day 0. Illness scores were measured by assignment of score of 1 point for each of the following conditions: ruffled fur, hunched back, visually lethargic, lethargic to touch and weight loss exceeding 15% (ref. 50 ). Viral load was assayed in serum by plaque assay on Vero cells and in tissues by qRT-PCR for viral GP RNA as described 49 . For infection with influenza virus, age-and sex-matched mice were anesthetized by intraperitoneal injection of 2.5% Avertin (Sigma-Aldrich) and were infected intranasally with recombinant influenza virus expressing the LCMV glycoprotein peptide of amino acids 33-41 (GP33-41; X31-GP33; 1.6 × 10 5 TCID 50 ). Recombinant influenza virus containing the LCMV GP33-41 epitope inserted into the neuraminidase protein stalk region was provided by R. Webby (St. Jude Children's Research Hospital, Memphis, TN) [51] [52] [53] . These recombinant influenza virus strains replicate and exhibit pathogenicity similar to that of their non-recombinant counterparts 52 . Viral titers in lungs were determined by qPCR as described 51 . 54 . For intracellular cytokine staining, splenocytes were incubated in complete RPMI medium for 5 h with no peptide, 10 µg/ml LCMV GP33-41 (KAVYNFATC), GP276-286 (SGVENPGGYCL), NP396-404 (FQPQNGQFI) or 50 ng/ml PMA (phorbol-12-myristate-13-acetate) and 500 nM ionomycin in the presence of 5 µg/ml brefeldin A. Intracellular staining was performed using a BD Cytofix/Cytoperm kit according to the manufacturer's instructions. For staining of transcription factors, cells were stained and permeabilized with Foxp3 / Transcription Factor Staining Buffer Set (Biolegend) according to manufacturer's instructions. Data was acquired on a BD Fortessa, and cells were sorted on FACSAria II and III instruments (BD Biosciences). All data were analyzed with FlowJo software (Treestar).
Isolation of immune cell subsets. For in vitro activation, total or naive CD8 + T cells were isolated by negative selection using EasySep beads (Stemcell technologies, Vancouver, BC, Canada). B cells and NK cells were isolated from mouse spleen and peripheral lymph nodes by flow cytometry. B cells were sorted as CD19 + B220 + and NK cells were sorted as DX5 + CD3 − . For miRNA profiling, T cell populations were isolated from spleen and peripheral lymph nodes by flow cytometry. Naive and memory cells were sorted on the basis of the following markers: naive (CD4 + or CD8 + , CD62L + CD44 lo CD25 + ), central memory (CD4 + or CD8 + , CD62L + CD44 + CD25 − ) and effector memory (CD4 + or CD8 + , CD62L − CD44 + CD25 − ). Regulatory T cells were sorted as CD4 + CD25 + GITR + . In vivo-activated CD8 + cells were sorted as CD8 + CD25 + . T cells activated by co-culture with DCs were purified by flow cytometry as CD3 + CD8 + CD11b − CD11c − . 7678 T hybridoma cells were isolated as described 55 .
LCMV antibody ELISA. LCMV antibody titers were determined for serum samples using Smart-M15 enzyme linked immunosorbent assay (Biotech Trading Partners) according to the manufacturer's instructions.
Cell culture and activation. Cells were cultured in RPMI-1640 medium supplemented with 10% FCS, 50 units/ml penicillin-streptomycin, 10 mM HEPES, 2 mM l-glutamine and 55 µM β-mercaptoethanol ('RPMI-10 medium'; all from GIBCO, Carlsbad, CA, USA) at 37 °C with 5% CO 2 . T cells were activated with 10 µg/ml plate-bound CD3 (clone 17A2) with or without 2 µg/ml soluble CD28 antibody (clone 37.51) (both from eBioscience, San Diego, CA, USA), or 500 nM ionomycin. Cyclosporin A was added at 250 ng/ml. NK cells were activated with PMA (5 ng/ml) and ionomycin (500 nM). B cells were activated with 20 ng/ml IL-2, 1 µg/ml polyclonal goat F(ab′) 2 To generate DCs, bone marrow cells were isolated from the femurs of C57BL/6 mice, red blood cells were lysed (ACK Lysis Buffer, Gibco) at RT for 5 min and washed, and cells were resuspended in RPMI-1640 (10% FBS and 1% penicillin-streptomycin) supplemented with 20 ng/ml murine GM-CSF (Peprotech,) and plated in 10 ml at a final density of 2 × 10 5 cells/ml in 10-cm Petri dishes and incubated at 37 °C 5% CO 2 . After 2 d, 10 ml of additional supplemented RMPI-1640 was added. 2 d later, half of the medium was removed and replenished with supplemented RMPI-1640. After 4 d of further incubation, DCs were stimulated with 1 µg/ml lipopolysaccharide (Sigma-Aldrich) and pulsed with 100 pM ovalbumin peptide (SIINFEKL) (Sigma) overnight. For T cell-activation assays, DCs were then washed, irradiated (2,500 rads), washed, and added to T cells at the indicated ratio.
NFAT1 chromatin immunoprecipitation.
For NFAT1 chromatin-immunoprecipitation experiments, P14 + TCRα −/− cells were plated at 1 × 10 6 cells/ml in six-well plates coated with anti-CD3 (clone 2C11; purified by the A.R. laboratory) and anti-CD28 (clone 37.51; BD-Pharmingen) (1 µg/ml each) by pre-coating with 300 µg/ml goat anti-hamster IgG (catalog 56984; Cappel). After 48 h, cells were removed from the TCR signal and were re-cultured at a density of 5 × 10 5 cells/ml in media supplemented with 10 U/ml recombinant human IL-2 (rhIL-2). Every 24 h, cells were counted and readjusted to 5 × 10 5 cells/ml with fresh media containing rhIL-2. On day 6, cells were either left untreated (resting), or re-stimulated with phorbol 12-myristate 13-acetate (PMA; 15 nM; Sigma) and ionomycin (1 µM; Sigma). The protocol for chromatin immunoprecipitation of NFAT1 and computational analysis have been described in detail 56 and genome-scale data are available 14 The transcription start site for the mouse host gene encoding miR-31 was identified as mm9: chr4:88584380 based on homology to the transcription start site of the human host gene encoding miR-31 (MIR31HG) 57 , histone H3K4m3 methylation in liver and kidney by ENCODE/LICR 58 , and spliced expressed sequence tags observed in Mir31 −/− CD8 + T-cells (data not shown).
miRNA-specific RT-PCR assay. The synthesis of miRNA specific cDNA from total RNA was carried out using MicroRNA Reverse Transcription Kit (Applied Biosystems, Carlsbad, CA, USA). MiRNA-specific RT-PCRs were performed using Taqman miRNA assays according to the manufacturer's protocol (Applied Biosystems, Carlsbad, CA, USA). MiRNA expression was calculated using the ∆∆Ct method using miR-16 or the ∆Ct method using sno234 as expression standards.
Lentiviral vectors.
Lentiviral vectors driving expression of shRNAs directed against the luciferase-encoding gene and mouse Lats2, Ppp6c, Stk40 and Sh2d1a were obtained from the RNAi Consortium and subcloned into the pLKO.3G vector. miR-31 precursor sequence was generated by primer extension and was cloned into the pLKO.3G vector. shRNA directed against the luciferase-encoding gene or empty pLKO.3G constructs were used as controls for infection. The cloned mir-31 hairpin sequence is TGCTCCTGTAACTCGGAACTGGAGAG GAGGCAAGATGCTGGCATAGCTGTTGAACTGAGAACCTGCTATGCCA ACATATTGCCATCTTTCCTGTCTGACAGCAGCTTGGCTACCTC.
Constitutively active NFAT1 has been described 59 and was subcloned from Addgene plasmid 11792 into the pHAGE lentiviral vector for mammalian expression. Empty pHAGE lentiviral vector was used as an infection control. miRNA expression profiling. We profiled 279 miRNAs by the Luminex method as described 60 . Profiling data were normalized by generating a mean array for the expression of each miRNA in all samples. Next, a linear correction for each sample to the mock array was performed. Hierarchical clustering was performed using GenePattern software from the Broad Institute 61 .
Microarray profiling and miR-31 target gene prediction. CD8 + T cells were purified from OT-I mice by negative selection and were cultured for 2 d in RPMI-10 with 100 ng/ml IL-15 and 1 ng/ml IL-7 (R&D Systems, Minneapolis, MN, USA). Cells were infected with empty or miR-31-expressing pLKO.3G lentiviral vector at a multiplicity of infection of 10:1 by spin-infection in Retronectin-coated plates (Takara Bio, Otsu, Shiga, Japan). After infection, cells were cultured for 3 additional days in RPMI-10 with 10 ng/ml IL-2 (R&D Systems). GFP + cells from four independent cultures per condition were then sorted by flow cytometry and RNA was isolated using Trizol followed by cleanup with RNeasy columns (Qiagen Valencia, CA, USA). 10 µg RNA per condition was profiled on Affymetrix Mouse Genome 430 2.0 Arrays. Array data analysis was performed using DCHIP including absent/present calls. For probes with 100% present calls in at least one group (22,864), we identified differentially expressed genes using Significance Analysis of Microarrays using standard test statistics and a delta value of 0.582 (refs. 62,63) . A master list of miR-31 target genes was generated using the union of mouse miR-31 target predictions from Targetscan, Starbase, Rna22, Pictar and Miranda [64] [65] [66] [67] [68] . To generate matching null distributions for down-or upregulated gene sets, 1 × 10 4 sets of 119 probes or 432 probes were randomly selected from expressed but not differentially regulated probes, and the frequency of predicted miR-31 targets in each set was calculated. Analysis of statistically associated upstream regulators of differentially expressed genes was performed with Ingenuity Pathway Analysis using standard settings. Microarray data were deposited in the GEO database.
Immunoblot analysis. Cells were lysed in RIPA buffer (Cell Signaling Technology, Danvers MA, USA) in the presence of protease inhibitor cocktail (Roche, Basel, Switzerland). Lysed material was clarified by centrifugation at 12,000g for 10 min at 4 °C. Clarified extracts representing 30 × 10 5 cells per lane were fractionated on a 10% Bis-Tris gel and transferred to a polyvinylidene difluoride membrane using a transfer apparatus according to the manufacturer's protocol (Bio-Rad, Hercules, CA, USA). Membranes were blocked for 1 h with 5% nonfat milk in TBST (10 mM Tris, pH 8.0, 150 mM NaCl abd 0.5% Tween 20) . Membranes were washed 1× in TBST, and incubated with anti-β-actin (clone 13E5, 1:1000 dilution, Cell Signaling Technology, Danvers MA, USA) and anti-PPP6C (clone ab131335, 1:1000 dilution, Abcam, Cambridge, United Kingdom) for 18 h at 4 °C. Membranes were washed three times with TBST and were incubated with a 1:2,500 dilution of horseradish peroxidase-conjugated polyclonal goat antibody to rabbit (catalog number 7074; Cell Signaling Technology, Danvers MA, USA) for 1 h at RT. Membranes were washed three times with TBST, developed with the ECL system (Amersham Biosciences) and visualized on a ChemiDoc imaging system (Bio-Rad, Hercules, CA, USA) per the manufacturer's protocols. Full images and size marker standards are presented in Supplementary Figure 6. Luciferase reporter assay. 3′ UTR sequences containing predicted target sites and at least 500 base pairs of flanking sequence were cloned downstream of a firefly luciferase reporter in the pcDNA3.1 mammalian expression vector. 293T cells were transfected in a 96-well format with 20 µg Firefly luciferase reporter containing no 3′ UTR (Control) or test 3′ UTRs, 20 µg control pcDNA3.1 Renilla luciferase reporter, and 200 µg of control or miR-31 pLKO.3G vector. Luciferase activity was quantified at 24 h with DualGlo reagents (Promega, Madison, WI, USA).
Type I interferon stimulation of activated CD8 + T cells. CD8 + T cells were isolated by negative selection (EasySep CD8 Negative Isolation Kit, Stem Cell) from the spleens and lymph nodes of wild-type and Mir31 −/− mice and were resuspended in RPMI-10 at a density of 1.5 × 10 6 cells/ml. T cells were then incubated with beads coated with anti-CD3 and anti-CD28 (Dynabeads, Thermo Scientific) at a ratio of 2:1 in RPMI-10 at 37 °C and 5% CO 2 for 48 h. After 48 h, beads were removed using a magnetic column (EasySep Magnet; Stem Cell) and the cells were cultured in RPMI-10 supplemented with 10 ng/ml of IL-2 for 5 d. Supplemented medium was replenished as required to maintain a cell density of 1.5 × 10 6 cells/ml. After 7 d of culture, T cells were washed and stimulated in RPMI-10 supplemented with 20 ng/ml IFN-β (BioLegend) for either 0, 10, and 30 min (immunoblot analysis) or 0, 4 and 18 h (qPCR or flow cytometry).
For immunoblot analysis sample preparation, cells were counted, and equal numbers from each condition were lysed at each time point in RIPA buffer (Sigma-Aldrich) supplemented with 50 mM NaF, protease inhibitor cocktail (P8340, Sigma) and 0.2 mM sodium orthovanadate. Lysates were incubated at 4 °C for 10 min, then running buffer (NuPAGE LDS Sample Buffer, Thermo) was added at a final concentration of 1×, then the sample was heated at 70 °C for 5 min and then stored at 4 °C. Lysate equivalent to 1 × 10 5 cells was loaded per lane onto TGX gels (Bio-Rad) for fluorescencebased detection of total proteins based on the manufacturer's recommendations (45 s UV light treatment followed by UV trans-illumination adjusted for optimal signal intensity). A central section of the gel was used for quantification. This total protein signal was used to normalize STAT1 immunoblot signals.
For RNA analysis, RNA was extracted at each time point using a Directzol RNA Mini-Prep Kit (Zymo Research) per manufacturer's instructions. For RNA-seq analysis, libraries were generated using Illumina stranded mRNA library prep and sequencing using Illumina NS500 Single-End 75bp sequencing. Statistical significance was determined using VIPER analysis. For qPCR analysis, first strand synthesis was then performed using a SuperScript VILO cDNA synthesis kit (Thermo Fisher Scientific), and qPCR was performed using TaqMan Gene Expression Master Mix (Thermo Fisher Scientific) and primer/probes targeted for Gapdh (Mm99999915_g1), STAT1 (Mm0257286_m1), STAT2 (Mm00490880_m1), IRF9 (Mm00492679_m1), SOCS1 (Mm00782550_s1), Mt1 (Mm00496660_g1), Mt2 (Mm00809556_s1), Maf (Mm02581355_s1), Il7r (Mm00434295_m1), Ptger2 (Mm00436051_m1), Spp1 (Mm00436767_m1), Gzmb (Mm00442837_m1), Gzmd (Mm01722569_g1) and Prf1 (Mm00812512_m1) on a C1000 Touch Thermal Cycler (Bio-Rad).
For flow cytometry, cells were stained for surface markers (CD8-BV786, clone 53-6.7, BioLegend) in flow cytometry buffer (5% FBS in 1X PBS) for 30 min at 4 °C. Cells were fixed in 4% paraformaldehyde for 20 min, washed, permeabilized for 20 min (Cytofix/Cytoperm; BD Biosciences) and stained for 30 min at 4 °C for intracellular markers (granzyme C-PE, clone SFC1D8, BioLegend; perforin, clone eBioMAK-D, eBioscience). All antibodies were used at a dilution of 1:1000. Cells were then washed in flow cytometry buffer and analyzed by flow cytometry (BD LSR Fortessa X20).
Statistical analysis. Statistical analysis was performed using Prism software (Graph Pad) unless otherwise stated in figure legends. Unpaired, two-tailed Student's t-tests were used for comparison of two groups. Two-way ANOVA with Sidak corrections for multiple comparisons was used for comparisons of more than two groups. For gene-set-enrichment analysis, the false-discovery rate (FDR) q value was calculated using the Gene Set Enrichment Analysis software (Broad Institute, MA, USA). Significance was set at P < 0.05.
Data availability.
The data that support the findings of this study are available from the corresponding author upon request. Data have been deposited in the GEO database with the following accession codes: microarray, GSE63549; ChIP-seq (chromatin immunoprecipitation followed by deep sequencing), GSE90707; and RNA-seq, GSE98615.
